INTRODUCTION
Organic debris dams, accumulations of organic matter obstructing water flow, usually form when a piece of large woody debris falls into the stream. Unless the woody piece is extremely large, such as a tree bole, the wood will be carried downstream or until it reaches a point in the channel where obstructions protruding from the stream bed or bank catch and hold the piece against the current. Gradually, smaller sticks begin to collect against the larger piece, providing a framework on which leaves can accumulate. Ultimately, the structure becomes almost watertight, creating a pool upstream from it.
Organic debris dams have been shown to be quite important in modifying stream channel morphology (Zimmerman et al. 1967 , Heede 1972a Sediments collect in the pool formed upstream of debris dams. Organic debris dams also function to reduce the capacity of stream water to transport sediments by causing a rapid dissipation of the energy of the water as it flows over the waterfall formed by the dam (Heede 1972a, b, Fisher and Likens 1973) . Although these structures are undoubtedly of importance in regulating the transport of materials in a stream system, their role has been examined only in a cursory fashion (Beschta 1979) .
The role organic debris dams play in stream ecosystems is, therefore, potentially very important. To examine quantitatively their effect on the export of materials from a small forested watershed ecosystem, an experimental approach was taken. All debris dams were removed from a stretch of stream upstream from a gauging weir and ponding basin at the Hubbard Brook Experimental Forest, in the White Mountains of New Hampshire. The capacity of the stream to hold materials within the watershed in the absence of these retention mechanisms was evaluated by comparing export of materials from the system before dam removal with export after removal. 
METHODS
Materials being exported from W5 were separated into three size fractions, in keeping with other studies done on fluvial transport at Hubbard Brook , 1974 , Fisher and Likens 1973 , Meyer 1978 In addition to the weekly sample taken at the base of W5, a second water sample, upstream of the dam removal site, was taken every week starting in July 1977. All the dissolved materials listed above also were measured at this station.
Dissolved organic carbon (DOC) is an important component in the export of materials from the ecosystem. Samples for DOC were collected on W5 starting in autumn 1976. These samples were taken in conjunction with and at the same location as fine particulate matter samples. The sample site was at a waterfall 10 m upstream from the gauging weir. Collecting samples from this waterfall ensured that the water column was well mixed, hence giving a representative sample of the entire stream volume. A total of ;90 DOC samples were taken during the course of the study.
Samples were filtered through pre-ashed Whatman glass fiber filters to remove particulate material. Aliquots of the filtered water were then analyzed by digesting the DOC in a sealed ampoule with potassium persulfate at 120'C (Menzel and Vaccaro 1964). Evolved CO2 was then measured with a gas chromatograph using the method of Stainton (1973 The mass of CPM exported from W5 during the years for which only volume data were available was calculated by using a regression of dry mass vs. volume of the material removed from the ponding basin. This regression was based on data from W6 ( The values for the elemental composition of the inorganic sediment were obtained from Johnson et al. (1968) . The composition of the inorganic particulate matter was considered to be 25% groundmass till, 25% A2 soil horizon, 25% unweathered Kinsman granite, and 25% unweathered Littleton schist (Bormann et al. 1974 ).
The volume of fine sediment (sand and silt) on the stream bed of the experimental stretch of W5 was measured in summer 1977, before dam removal, and in summer 1978, following dam removal. The measurement did not include any material that was incorporated into the structure of organic debris dams. However, material that had settled into the pool upstream from debris dams was measured. A grid of 25 x 25 cm squares was placed over each sediment deposit having a surface area >0.25 in2. Sediment deposits smaller than this were considered to contribute relatively little to the total sediment storage on the stream bed. At each junction on the grid, a metal rod was driven into the sediment as far as possible to estimate the depth of the accumulation. Also, the length and width of the sediment deposit was measured at 25-cm intervals to estimate the surface area. Sediment volume was calculated by multiplying average sediment depth by average width and average length.
To monitor the change in the number and heights of waterfalls after dam removal, longitudinal profiles of the experimental stretch of W5 were made in 1977, prior to dam removal, and again in 1978 after removal. In addition, the proportion of the drop in elevation of the stream caused by free-falling water was measured on a number of first-, second-, and third-order streams in the Hubbard Brook watershed to determine the relative importance of waterfalls in dissipation of the energy of the stream and the importance of organic debris dams in forming these waterfalls.
RESULTS AND DISCUSSION

Dissolved matter
Dam removal had no obvious effects on the concentration of dissolved inorganic matter on W5 (Table  1 ). The concentrations in samples taken from the site upstream of where dams were removed were nearly always very close to or the same as samples collected on the same date below the experimental manipulation. In addition, the element concentrations at the downstream station show no obvious change after debris dam removal from values observed before dam removal at this site, with the exception of N03-( During 1976-1977 prior to dam removal, the average DOC concentration, weighted for discharge, was 2.81 mg/L. Discharge and DOC concentrations were not related, with no discernible change in concentration over a variation in streamflow of four orders of magnitude. Following debris dam removal, the average weighted DOC concentration rose to 3.84 mg/L. In addition, a relationship was observed between discharge and DOC concentration (Fig. 1) . A change in streamflow over four orders of magnitude produced a twofold increase in DOC concentration. Discussion of possible explanations for this increase in DOC concentration may be found in Bilby and Likens (1980).
Fine particulate matter
Fine particulate matter concentration in this study correlated well with discharge (Fig. 2) . The relationship between FPM concentration and discharge at streamflows <20 L/s was essentially the same both before and after dam removal. However, after dam removal, at discharges >20 L/s, there was a dramatic increase in FPM concentration over values obtained in samples taken at the same discharge before removal.
The Fig. 3 are expressed on an areal basis. As a general rule, the two watersheds react similarly, with years of high export on W5 also being high on W6 (Fig. 3) .
The 
Comparative export budgets, 1977-1978
By using the regressions presented here for export of DOC and FPM (Figs. 2 and 3 As stated earlier, there was no change in the concentration of the dissolved inorganic components of the stream water as a result of dam removal. Therefore, the export of this fraction is the same for both conditions. The total annual export of this material was 2820 kg.
Dissolved organic carbon does show a slight increase in concentration at higher discharges following dam removal (Fig. 2) . By using daily discharge values, and the regression of DOC against discharge, an average daily DOC concentration can be obtained. Multiplying this concentration by the daily output of water gives the export of DOC per day. Using this method, the calculated annual export of DOC for 1977-1978 was 661 kg after dam removal. Before removal, discharge and DOC concentration are not closely related (Fig. 2) . As a result, an average concentration of 2.81 mg/L is used for all discharges and the calculated annual export of DOC is 550 kg.
Assuming that carbon comprises 45% of the mass or organic matter (Whittaker and Likens 1973) these values must be divided by 0.45 to give total export of dissolved organic matter. Annual organic matter outputs are listed in the export budget summary ( Table  2) .
The annual export of FPM is elevated approximately sixfold (Table 2 ) from 738 kg dry mass to 4550 kg dry mass after dam removal. It must be stressed that not only was FPM concentration high during periods of increased flow following dam removal, but water output was also greatly elevated at these times. The combination of these two factors was primarily responsible for the increase in FPM export seen after debris dam removal.
The enormous importance of high discharges in the export of FPM is illustrated in Fig. 4 . This graph shows the percentage of time, water export, FPM ex- Fine particulate matter export following dam removal is somewhat more responsive to high discharges than it had been prior to dam removal (Fig. 4) . This responsiveness is due to the marked increase in FPM concentration at high discharges that occurs in the absence of organic debris dams. In view of the fact that the absolute quantity of FPM export after dam removal is some six times greater than before dam removal, the output that occurred during periods of high discharge is all the more striking.
The annual output of CPM at Hubbard Brook has been shown to correlate most closely with the peak daily discharge over that year Table 2) .
The output of chemical elements in particulate matter from W5, before and after dam removal, as well as the relative proportion of the total export of an element in particulate form, are given in Table 3 . The increase in the export of particulate matter from the watershed following dam removal has caused a corresponding increase in the output of the chemical constituents contained by this material. The proportion of a given element exported in a particulate form has risen in all cases except for aluminum, where the dissolved fraction is negligible in comparison with the amount contained in particulate matter.
The export of phosphorus is normally dominated by particulate matter (Table 3; Meyer 1978) . Due to the relatively high proportion of phosphorus in particulate matter and the huge increase in the output of particulate matter from W5 following dam removal, the loss of this essential nutrient from the watershed increased fivefold. Not only does the increased loss of phosphorus represent a depletion of an element necessary for continued functioning of the watershed drained by the stream, but also increased phosphorus loading to downstream aquatic ecosystems may have undesirable effects (Likens 1972 , Vallentyne 1974 ).
Removal of organic debris dams caused a dramatic increase in the export of material from W5. Nearly the entire increase in output comes from increased export of particulate matter. The only dissolved component to show an increase was dissolved organic matter, and this was only a 19% rise in comparison with the 500% increases in both FPM and CPM export.
The predicted export of dissolved matter with dams intact (Table 3) predominates over the export of particulate matter by a factor of about three. The pre- Removal of dams brings about a reversal in the relative importance of dissolved and particulate matter exported from the watershed. In the absence of the dams, the particulate matter size fractions dominate the export by a ratio of 2:1.
Organic debris dams are, therefore, exceedingly important retention mechanisms in the small stream ecosystem. With dams intact, the particulate matter is held in the system and thus can be processed into progressively finer size fractions by various physical and biological activities (Bilby and Likens 1980). When the dams are removed the retention capability of the stream is severely depleted, allowing the particulate size fractions to dominate the export.
Waterfalls and organic debris dams
The export of material from a watershed is dependent upon the energy of the flowing water. The only source of energy available to a mass of water is its elevation above a given point. This elevation imparts a certain amount of potential energy to the water, which becomes kinetic energy as the water flows downslope. Kinetic energy is dissipated as heat produced by friction with the stream bed. The turbulent eddies produced by this process cause material to become suspended and carried downstream (Leopold et al. 1964 ).
In the Hubbard Brook watershed, organic debris dams are major factors in the formation of waterfalls on smaller streams. The relative importance of waterfalls in the dissipation of energy in first-, second-, and third-order streams as well as the proportion of the drop in elevation caused by waterfalls formed by organic debris dams are shown in Table 4 .
In both first-and second-order streams the energy dissipation caused by waterfalls is substantial, with 68.3 and 74.5% respectively, of the drop in elevation by the stream being attributed directly to free-falling water. This value decreases to 38% on third-order streams.
The decrease of free-falling water in third-order streams is due to the increasing rarity of organic debris dams as stream size increases (Bilby 1979). In firstand second-order streams these structures account for a majority of the waterfalls. In third-order streams only about one-fourth of the waterfalls are caused by organic debris dams (Table 4 ). The rest are formed by bedrock outcrops and boulders. On streams larger than third order, dams are essentially nonexistent at Longitudinal profiles of the experimental stretch of the W5 stream before and after dam removal revealed a decrease in the number of waterfalls on the experimental stretch of stream, from 50 before, to 21 after dam removal. The cumulative waterfall height was also considerably greater before dam removal than after. In 1977, prior to dam removal, -60% of the drop in elevation over this stretch of stream could be accounted for by summing the heights of the waterfalls. Forty percent of the drop in elevation over this stretch of stream was attributable directly to waterfalls formed by organic debris dams.
One year after dam removal, only 20% of the drop in elevation of the stream could be attributed to waterfalls. Since much less of the potential energy of the stream is dissipated as free-falling water, the stream has become much more effective at moving particulate matter out of the system. This increased effectiveness in the transport of particulate matter by the stream water, coupled with the mobilization of a large amount of particulate matter due to debris dam removal, are the factors responsible for the observed increase in Defi restation and organic debris dams Organic debris dams have been shown to be of major importance in controlling the export of particulate matter from small watersheds. Yet the continued effectiveness of many of these dams depends in large part upon input of leaves and twigs, which clog the cracks and chinks between the large logs and branches that form the framework of the dam. The smaller organic materials make the dam nearly watertight, and contribute greatly to its effectiveness.
In Deforestation ultimately brought about a twelvefold increase in the amount of material collected in the ponding basin on W2. However, this striking increase in particulate matter export did not occur until 2 yr after deforestation (Bormann et al. 1974 ). Sixteen percent of this increase could be attributed to the increased streamflow brought about by the elimination of transpiration on the watershed. The remaining 84% of the increase in particulate matter export from W2 was due to a marked increase in the erodibility of the watershed following devegetation (Bormann et al. 1974 ).
Ecosystem erodibility is influenced by a variety of factors (Bormann et al. 1974 ). The organic debris dam removal experiment described in this paper enables us to examine the relative importance of these dams in the control of erodibility of a watershed. The increase in particulate matter export seen on W5 following dam removal is due entirely to an increase in ecosystem erodibility, but more specifically due just to an increase in stream bed erodibility.
The particulate matter export from W2 and W6 for the years 1967-1968 through 1969-1970 is shown in It is conceivable that the 2-yr lag period between deforestation and the first marked increase in ecosystem erodibility on W2 represents the time needed for organic materials of leaf and twig size to decompose to the point where the retention capabilities of the dams are severely diminished. Indeed, the frequency of organic debris dams on W2 in 1976 was 53% lower than would be expected for a stream of this size in the White Mountains (Bilby 1979). Fisher and Likens (1973) indicated that the turnover time for the leaf-twig size fraction of organic matter in Bear Brook is on the order of 1 yr. The 2-yr lag period before the increased erodibility was seen on W2 is roughly in keeping with this turnover period. Although care was taken during the cutting process on W2 to avoid any damage to the stream bed, the elimination of organic matter input to the stream system between the cutting in 1965-1966 and the cessation of herbicide application in 1969 may well have led to degeneration of the debris dams and subsequent flushing of particulate matter stored by the dams on this stretch of stream. This process alone may have accounted for a substantial fraction of the elevated particulate matter export observed from W2 following devegetation.
